A synthesis of protected D-fucosamine and N-methyl fucosamine from D-galaCtOSe is described. The s nthesis is carried out in ten steps and includes the amination reaction of Dfucal with an easiry prepared Mn=N reagent.
IDtroduction
Heteroatom transfer to alkenes constitutes reaction methodology that is invaluable for the preparation of molecules of pharmacological and medicinal importance.-Highly selective, efficient reagents and catalysts for alkene epoxidation and dihydroxylation have been described which are widely employed in synthesis (1, 2, 3, 4) . In contrast, far fewer synthetically practical methods may be relied upon for the analogous single-step transfer of nitrogen to alkenes (5,6,7). Such a direct alkene functionalization reaction should find significant applications in synthetic chemistry, allowing for more facile, expeditious syntheses of complex natural products (8) and pharmaceuticals.
We have recently reported that simple nitrido manganese complexes may be easily synthesized from common, readily available tetradentate and bidentate ligands (6,7). These manganese reagents effect nitrogen transfer to alkenes, enol silanes, and glycals upon activation by trifluoroacetic anhydride. The process does not necessitate use of alkene reactants in excess and furnishes products with the nitrogen protected in the form of a trifluoroacetamide, a blocking group that is readily cleaved under mild conditions (9). The ability of glycals to function as substrates in the amination reaction considerably expands the scope of this transformation by providing access to 2-deoxy-2-amino sugars. In order to document the utility of theses reagents, we describe in this study an efficient synthesis of protected D-fucosamine la and N-methyl D-fucosamine l b . The preparation of these synthetically useful glycoside intermediates was conducted in ten steps utilizing inexpensive D-galactose as starting material.
Background 2-Deoxy-2-amino sugars constitute a family of monosaccharides that are found in bioactive natural products (Fig. 1 ) of relevance to human medicine (10,ll). For example, N-methyl Lglucosamine is a component of the aminoglycoside antibiotic streptomycin 2 which is administered clinically against mycobacterial infections such as tuberculosis and leprosy (12). The N-acetamide deriative of D-2-galactosamine is a constituent of the human breast tumor antigen oligosaccharide 3 (13), and N-sulfonated D-glucosamine is a critical monomer of the functionally active polyanionic oligosaccharide heparin 4, the endogenous mammalian anticoagulant. Additionally, N-methyl fucosamine is the carbohydrate residue appended at the periphery of the reactive cumulene of the neocarzinostatin (NCS) chromophore 5, a prominent member of the enediyne family of antibiotics (14, 15) . Extensive investigations of the mechanism of action of this remarkable antitumor agent have documented the critical role of N-methyl D-fucosamine in the chromophore in accelerating the rate and efficiency of DNA cleavage when compared to that of the aglycon (16). The N-methyl fucosamine is believed to accelerate the activation of NCS by serving as an internal base towards attacking thiols. However, the glycosylated cumulene chromophore once activated has been found to be more stable than the corresponding aglycon; it has been suggested that the carbohydrate residue confers steric protection by slowing bimolecular decomposition pathways. Various synthetic approaches to 2-deoxy-2-amino sugars have been developed utilizing carbohydrate glycals as starting materials (17, 18, 19, 20, 21, 22, 23) . Two of these methods in particular have received considerable attention. In pioneering studies, Danishefsky has reported the reaction of glycals 6 with (sym-collidine)~I(C10~) and p-toluenesulfonamide to afford 2-iodo arene sulfonamide 7 (eq 1). In a subsequent step, the iodosulfonamide is treated with base to give a putative aziridine intermediate 8, which can be trapped by nucleophilic attack at the 1-position. Using this approach, Danishefsky has reported the landmark synthesis of a pentasaccharide that corresponds to the human breast tumor antigen 3 (13). In the second method, Fitzsimmons and Leblanc and co-workers have reported that glycals undergo hetero 4x+2x cycloadditions with dialkyl azodicarboxylates such as 9 to give 10 (eq 2) (23). The heterocyclic adducts can subsequently be reduced with Ra/Ni to give the desired unprotected 2-amino sugars.
We have recently reported a process that utilizes a novel, easily prepared manganese nitrido complex which, upon activation with trifluoroacetic anhydride, serves as a reactive nitrogen transfer agent (Scheme 1) (6). This methodology offers several attractive and important features: (1) glycal 11 is used as the limiting reagent, (2) the amination reagent is oxygen-and moisture-stable and thus easily handled and amenable to storage, and (3) the products isolated (13) incorporate an amine conveniently protected as the N-trifluoroacetyl amide derivatives (9).
Scheme 1
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DiscWe have chosen N-fucosamine as a target for synthesis because it is a sugar that is not readily available from natural sources (24, 25) . In addition, this target would provide an ideal setting to examine the application of the nitrido manganese reagents within the context of a functionally complex target molecule. Importantly, we required that the synthesis provide a fucosamine derivative possessing protecting groups that are tolerant of additional synthetic manipulations, such as glycosidation reactions and are, in turn, removed under mild conditions. Our interest in using nitrido manganese reagents dictates a glycal intermediate such as protected D-fucal 14 in the retrosynthetic analysis (Fig. 2) . In principle, the ideal starting material for the synthesis of N-methyl D-fucosamine would be D-fucose 15; however, a route commencing with 15 suffers from the high cost of the starting sugar at $27/gram (26) . In contrast, D-galactose 16 possesses the desired stereochemistry at C-3, C-4 and C-5, and is available at only $0.08/gram. We have shown that salen-derived manganese nitrides can be prepared in large quantities (20-30 g ). The complex is a diamagnetic, forest-green crystalline solid that can be easily handled and is amenable to prolonged storage. More recently, we have prepared additional simple nitrido R = 'Pr R = P h manganese complexes derived from bidentate ligands that are also capable of serving as amination reagents towards unactivated alkenes (Fig. 3) . The syntheses of nitrogen transfer reagents 21 and 22 used in this study were effected upon treatment of a methanol solution of the brown MnIII(0Ac) complex 19 or 2 0 with NH40H and Clorox bleach (Scheme 2). Under optimal conditions, (saltmen)MnV(N) 22 could be prepared in a single operation via reaction of the ligands 17 and 18 with Mn(OAc)2*4H20 and subsequent in situ oxidation with Clorox bleach in the presence of NQOH. We have found that the saltmen derivative 22 is more widely soluble in commonly employed organic solvents and is therefore more convenient to use. D-Galactose 16 was converted into tris-0-acetyl-D-galactal 23 in a single-step procedure involving peracetylation, selective hydrolysis of the anomeric acetate, conversion into the glycosyl bromide, and reductive elimination (69%, Scheme 3) (27) . Saponification of the acetate esters with alkaline methanol (K2CO3, CH30H) afforded trio1 24 in quantitative yield. Selective protection of the primary alcohol at C-6 was effected in good yields upon treatment of 24 with tert-BuPh2SiCl (imidazole, DMF, 81 %). Ketalization of the cis-vicinal diol 25 (2,2-dimethoxypropane, PPTS, 85%) provided 26. Following desilylative deprotection 27 was subsequently subjected to conditions to effect reductive deoxygenation at C-6. A number of procedures were investigated for the conversion of the C-6 carbinol to the corresponding methyl moiety. For example, conversion of 27 to either the corresponding bromide (PBr3) or iodide (PBr3, Nayacetone) followed by reductive dehalogenation with Bu3SnWAIBN or LSelectride, respectively, did not provide the desired product. However, conversion of the free primary alcohol to the corresponding 0-tosylate (TszO, pyridine, 100%) and subsequent reduction of 28 with LiAlQ (5 equiv) in refluxing THF afforded protected D-fucal29 as a volatile oil in 69% yield (Scheme 4). Treatment of a solution (-78 "C) of glycal29 (O.lM), (saltmen)Mn(N) (1.5 equiv), and di-tert-butyl-4-methyl-pyridine (1.5 equiv) in CH2C12 with trifluoroacetic anhydride (3.0 equiv) gave the Ntrifluoroacetylated protected 2-fucosamine as a white solid in 69% yield. Analysis of l a by lH NMR spectroscopy was consistent with it being formed as mixture of C-1 epimers and a single trifluoroacetamide diastereomer at C-2. Treatment of la with CH3I (NaH, DMF) effected concomitant formation of the methyl glycoside and 3 O amide l b which was isolated as a single anomer in 56% yield.
Scheme 3
Analysis of the 1H NMR vicinal coupling constants to the C-2 proton were consistent with the diequatorial isomer shown for lb. Previous studies have revealed a trend in which the preferential transfer of nitrogen to glycal substrates occurred from the olefin face opposite the allylic C-3 substituent. We had anticipated that nitrogen transfer to fucal29 would be highly diastereoselective, since both C-3 and C-4 substituents are reinforcing the bias towards attack from the opposite alkene face. Additionally, protection of the diols in the form of an acetonide generates a bicyclic structure with an inaccessible concavity and an open convex alkene diastereoface (Fig. 4) . We have described an efficient synthesis of protected N-methyl D-fucosamine and D-fucosamine with protecting groups in each that are amenable to cleavage under mild conditions. The synthesis documents the use of readily prepared manganese nitrides as reagents for nitrogen transfer chemistry to substrates that are highly functionalized to provide rare amino 2-deoxy-2-amino saccharides. The salient characteristics of this method include: the use of the alkene substrate as the limiting reagent, an amination reagent that is oxygen-and moisture-stable and thus easily handled and amenable to storage, and the isolation N-trifluoroacetyl amide products.
